Abstract Cystic fibrosis (CF) is a monogenic disease due to mutations in the CFTR gene. Yet, variability in CF disease presentation is presumed to be affected by modifier genes, such as those recently demonstrated for the pulmonary aspect. Here, we conduct a modifier gene study for meconium ileus (MI), an intestinal obstruction that occurs in 16-20% of CF newborns, providing linkage and association results from large family and case-control samples. Linkage analysis of modifier traits is different than linkage analysis of primary traits on which a sample Electronic supplementary material The online version of this article
was ascertained. Here, we articulate a source of confounding unique to modifier gene studies and provide an example of how one might overcome the confounding in the context of linkage studies. Our linkage analysis provided evidence of a MI locus on chromosome 12p13.3, which was segregating in up to 80% of MI families with at least one affected offspring (HLOD = 2.9). Fine mapping of the 12p13.3 region in a large case-control sample of pancreatic insufficient Canadian CF patients with and without MI pointed to the involvement of ADIPOR2 in MI (p = 0.002). This marker was substantially out of Hardy-Weinberg equilibrium in the cases only, and provided evidence of a cohort effect. The association with rs9300298 in the ADIPOR2 gene at the 12p13.3 locus was replicated in an independent sample of CF families. A protective locus, using the phenotype of no-MI, mapped to 4q13.3 (HLOD = 3.19), with substantial heterogeneity. A candidate gene in the region, SLC4A4, provided preliminary evidence of association (p = 0.002), warranting further follow-up studies. Our linkage approach was used to direct our fine-mapping studies, which uncovered two potential modifier genes worthy of follow-up.
Introduction
Cystic fibrosis (CF) (MIM 219700) is an autosomal recessive monogenic disorder clinically characterized by pancreatic insufficiency (PI), progressive pulmonary disease, and elevated levels of chloride in sweat. In some CF newborn cases, typically with two severe mutations in the CFTR gene, intestinal obstruction due to meconium ileus (MI) is observed. MI develops in utero with intestinal obstruction in the distal ileum and cecum, and presents at birth with failure to pass meconium and vomiting. Immediate surgical intervention is required if there is evidence of intrauterine complications such as perforation, volvulus, or ileal atresia. In subjects with uncomplicated MI, administration of an enema may be sufficient to relieve the obstruction. If the enema fails to relieve the obstruction, surgical intervention is required. MI is an early clue to the diagnosis of CF because it occurs in about 15-20% of CF patients at birth, and is infrequent in newborns without CF (supplementary Scheme 1).
Similar intestinal obstruction is observed in CFTR knockout mice at birth, with the severity of obstruction depending on the genetic background (Rozmahel et al. 1996) . Thus, it was established that MI is dependent on secondary genetic factors. Indeed, genetic and epidemiological studies in CF twins and siblings indicate high concordance rates of MI among monozygotic CF twins versus CF siblings and dizygotic twins (Blackman et al. 2006) . Despite the high heritability of MI, the genetic basis of this complication has not yet been identified. This study aimed to (1) identify the genetic determinants of MI via linkage and fine-mapping studies, and (2) highlight statistical difficulties in the identification of modifier genes. Statistical approaches to the identification of modifier genes must be chosen with some care, as mapping of modifier genes typically involves selected samples ascertained previously based on the primary phenotype.
There have been a number of modifier gene studies of MI in CF. The first study in 1996, conducted on CFTR knockout mice, demonstrated that genetic background modifies both severity of intestinal disease and survival of CF knockout mice (Rozmahel et al. 1996) . A genomewide study on CD1 and 129/Sv congenic CFTR -/-mice led to the identification of a highly significant locus (CF Modifier1, Cfm1) for severity of CF disease (neonatal survival to 12 weeks) on proximal chromosome 7. A follow-up linkage analysis of STR markers in the human orthologous region (19q13) used CF sibling pairs concordant or discordant for MI, and demonstrated that the CFM1 locus is linked to MI in humans as well (Zielenski et al. 1999) . A fine-mapping study of 98 SNPs genotyped in the CFM1 region in Canadian CF patients detected an association with 4 markers in a zinc-finger (ZNF) gene cluster, but it could not be replicated in an independent patient cohort (Zielenski et al. 2005) . Two other studies of CF mouse models, analyzing survival of mice with intestinal obstruction, suggested several additional loci associated with a severe or mild intestinal phenotype (Haston and Tsui 2003; Norkina and De Lisle 2005) .
A recent genome-wide linkage analysis of CF siblings, focusing on non-parametric approaches, did not find any evidence for linkage to 19q13 or other major loci for MI (Blackman et al. 2006) . The study by Blackman et al. (2006) found suggestive loci for MI and no-MI, with multipoint non-parametric LOD scores 1.96, 2.14 and 2.18 at 4q35.1, 8p23.1 and 11q25, respectively, and they concluded from these results that multiple loci with small effects are the determinants of MI.
Here, we discuss how the choice of statistical methodology for linkage analysis of modifier traits should be based on different criteria than those for linkage studies of complex or Mendelian diseases. Although various authors have recognized the importance of alternative study designs when searching for modifier genes (Daw et al. 2008; Houlston and Tomlinson 1998) , the problem has not been clearly articulated, with different approaches discussed and contrasted. Here, we provide an example of how the analysis of modifier gene studies can be complicated by their ascertainment scheme, and thus advise investigators to be cognizant of the potential problem.
One central difference between complex disease linkage studies and modifier gene studies is related to the study design: in modifier gene studies, siblings are generally ascertained on the primary trait, e.g., CF or Type I diabetes, while linkage analysis is performed on a secondary or modifying trait such as MI, in the case of CF, or nephropathy in Type I diabetes (Rogus et al. 2008) . Therefore, if analysis is conducted only in those CF patients affected for the trait of interest (MI) as in standard non-parametric linkage (NPL) analyses, observed linkage evidence could be due to a confounding phenotype because subjects are also affected for the primary trait (CF). See results of ''Confounding in modifier gene studies of MI'' for a more in-depth discussion.
Here, we report results from linkage analysis of the MI and no-MI phenotypes, searching for a protective locus in the latter case (''Parametric linkage analysis of MI and no-MI''); we contrast the results of parametric and NPL analysis for this MI modifier study, providing an approach to overcome the limitations of NPL in this situation (''Confounding in modifier gene studies of MI''); we report fine-mapping results from under an MI linkage peak (''Association studies of the MI linkage regions''), and present association results at a candidate gene near a no-MI linkage peak (''Association analysis of SLC4A4 in the no-MI linkage region'').
Materials and methods

Subjects
Cystic fibrosis patients and their family members were recruited from 37 specialized CF clinics across Canada and selected international clinics (Australia, Chile, the Netherlands, Poland, and USA). The protocols for this study were approved by ethical review boards at the Hospital for Sick Children and all participating institutions. Informed consent was obtained from each individual or his/her parent or guardian. The Canadian CF modifier study population consists of 2,441 patients diagnosed with CF between 1951 and 2006, and 3,092 parents. The linkage analyses were based on families with at least two affected CF siblings from the Canadian CF modifier study and selected international clinics. Patients were classified as having the phenotype of MI if the clinic from which they were recruited reported the presence of MI at birth from chart review, and no-MI otherwise. The linkage analysis for the phenotype of no-MI included 226 families with PI CFTR mutations (pancreatic sufficiency (PS) is rare in individuals with MI; Ahmed et al. 2003; Kristidis et al. 1992 ) who had at least one child with no-MI at birth. For the purposes of this study, exocrine pancreatic function status was based on CFTR mutations (Ahmed et al. 2003) . PI status was assigned if both CFTR mutations were known to be associated with PI. PS patients carried at least one known pancreatic sufficient mutation. Otherwise, those with CFTR mutations which were unidentified or not clearly associated with PS or PI were classified as PS or PI based on the reported clinical use of pancreatic enzymes. The MI analysis included 71 families with at least one MI child at birth. The number of families in each of the two scans, by country/site of origin, is provided in Table 1, while Table 2 provides information on the CFTR mutation distribution, age, gender, and ethnicity of the sample. Those from the US were recruited through CF centers at the University of Colorado, Denver and Johns Hopkins University (JHU), Baltimore (Blackman et al. 2006) .
DNA samples
Individual blood samples were collected in glass tubes containing anticoagulant (Acid Citrate Dextrose; ACDVacutainer tubes, BD) and maintained at room temperature. Genomic DNA was extracted using the phenol/chloroform procedure (Cutting et al. 1989) . The DNA stocks were stored at 4°C. Patients were recruited during the period [2003] [2004] [2005] [2006] and the age in all analyses is based on the date the blood sample was taken. Three Mendelian errors were found at locus rs1029628 in the family data, and the genotypes of families with Mendelian errors were reset to unknown at this locus. In the case-control sample, six individuals were removed due to a low genotyping rate (proportion of missing genotypes [ 10%), and more than 10% of individuals had missing genotypes at rs2190770, which was removed from the analysis. No SNP had MAF less than 1%, and none failed HWE tests (p \ 0.001) in the MI control sample.
ADIPOR2 replication cohort
The 100K Affymetrix array (100K) was used to assay 29 MI concordant siblings and their parents recruited by JHU, as part of the CF Twin and Sibling Study (Blackman et al. 2006) . The 100K array contained two SNPs, rs9300298 and rs1044825, of four markers that were associated and out of HWE in our Canadian cases; neither of the two SNPs had low MAF in founders (MAF = 0.44 and 0.40, respectively) nor a high rate of missing genotypes.
Copy number variation (CNV) analyses
Two CNVs in the ADIPOR2 gene were identified through the Database of Genomic Variants hosted by The Center for Applied Genomics (http://projects.tcag.ca/variation/), The Hospital for Sick Children, Toronto, ON, Canada. The CNV consisting of a 315 base deletion (variation #11592, also known as rs35417183) is at chr12: 1734273-1734587 in intron 2 of the ADIPOR2 longest splice variant NM024551, and intron 1 of the shorter alternative splice variant AY424280. An insertion of 134 bases is present (variation #24961) at chr12: 1754352-1754485 in intron 3 of the long mRNA isoform. The genotyping for the 315 bp deletion and 134 bp insertion was performed in multiplexed reactions (supplementary Figure 1 ) using specific primers (supplementary Table 1 ) in multiplexed PCR at standard cycling conditions (60°C annealing for 45 s, 1 min extension at 72°C).
Re-sequencing of the ADIPOR2 gene in MI discordant sibs
In order to identify potential mutations in the coding regions of the ADIPOR2 gene, we sequenced the coding exons. These included flanking genomic regions and the eighth non-coding exon in 24 sibling pairs discordant for MI.
SNPs in SLC4A4
Tagging SNPs for SLC4A4 (chr4: 72423681-72656663) (supplementary Table 2 ) were genotyped using Illumina Golden Gate technology in 601 nuclear families. Follow-up genotyping of rs1453458 was also performed on the Luminex platform in a sample of 278 cases and 1,315 controls. None of the genotyped SNPs in the chromosome 4 region failed QC or were out of HWE in founders.
Statistical methodology
Parametric linkage analysis
We used parametric or LOD score analysis for the genomewide linkage scan. The MLINK program of the FAST-LINK software package (Cottingham et al. 1993; Schaffer et al. 1994 ) was used for two-point analysis, while GENEHUNTER (Kruglyak et al. 1996) was used for multipoint. Heterogeneity LOD scores were computed in the multipoint analyses. All non-CF individuals were coded as unknown for the MI trait.
LOD score analysis requires specification of disease model parameters such as mode of inheritance, penetrance, gene frequency, and sporadic rate, despite the model generally being unknown. However, a large body of research has shown that in fact, apart from the inheritance model at the locus being studied, LOD score analysis is robust to misspecification of other parameters (Clerget-Darpoux et al. 1986; Elston 1989; Greenberg and Hodge 1989; Pal et al. 2001; Vieland et al. 1992a Vieland et al. , b, 1993 .
We performed the LOD score analysis twice, once under a dominant model and once under a recessive model. We specified a low sporadic rate of 0.0002, an arbitrary penetrance of 0.50, and arbitrary gene frequencies of 0.1 for recessive and 0.01 for dominant models. We did so following the procedure discussed by Hodge and Elston (1994) , Abreu et al. (2002) , Greenberg and Abreu (2001) , and Hodge et al. (1997) ) referred to as the maximized maximum LOD score (MMLS). MMLS specifies that one performs the analysis twice, once under dominant and once under a recessive assumption (Greenberg et al. 1998) , with a low sporadic rate and arbitrary values for penetrance and gene frequencies. The MMLS approach is supported by a large body of research indicating that MMLS is an estimate of maximization over the whole parameter space, with a known approximate significance criterion. The consequent increase in type I error is approximately a half a degree of freedom under a Chi-squared distribution (Hodge et al. 1997 ), a 0.3 penalty on the LOD score being a conservative penalty to assign before declaring genome-wide linkage. MMLS is a reasonable estimate of a LOD score which maximizes over the whole parameter space (i.e., a MOD score; Hodge and Elston 1994) since the values chosen for penetrance and gene frequency have minimal effect on power and type I error assuming the inheritance model at the locus is correctly specified (Greenberg 1990; Greenberg and Hodge 1989; Hodge and Elston 1994; Pal et al. 2001) ; this holds for both simple and complex models. Of course, the actual value of the LOD score may vary with different parameter values. The complete genetic model for a disease/trait (i.e., all the susceptibility loci and their interactions) does not need to be specified in the LOD score analysis (Dizier et al. 1996; Durner et al. 1999) . Only the parameters for the locus under analysis are required, because the contribution of all other loci can be subsumed as reduced penetrance or phenocopy frequency for analysis purposes (Greenberg and Hodge 1989) . However, misspecifying the disease inheritance model does lead to a significant penalty in the LOD score (Clerget-Darpoux et al. 1986; Hodge et al. 1997) . This means that linkage to a dominant gene can be missed if the data are analyzed under a recessive model, and vice versa, thus explaining why in MMLS one must analyze under both a dominant and recessive model. Consequently, this method will give information about possible inheritance at that locus (Elston 1989) . We used LOD [ 2 as a criterion reflecting a locus of interest to follow-up on. This criterion was based on simulation results indicating low type I error rates for LOD [ 2 in our 71 MI families (http://onion.cpmc. columbia.edu/shimshon/).
NPL analysis
We also performed non-parametric two-point and multipoint linkage analysis using GENEHUNTER. We did so as proof of principle to illustrate the difficulty in interpretation for modifier gene studies. Since standard NPL implementations include affected individuals by default, we ran a separate NPL analysis including families with siblings discordant for MI by coding the unaffected as affected, and evaluating linkage evidence via significant under-sharing. The inclusion of discordant pairs is well documented for QTL analysis [e.g., ''Statistical analysis in discordant pair studies is generally done by testing for reduced identity by decent (IBD) sharing in the pairs.'' (Forrest and Feingold 2000) ] and the reduced IBD sharing is a direct result of Mendel's law of segregation (Blackwelder and Elston 1985) , but it has not been used for binary traits due to design issues. For example, the amount of reduced IBD sharing by discordant sibpairs is less than the amount of increased sharing by affected sibpairs under most disease models. Thus, affected sibling pairs would be chosen for collection over discordant sibling pairs (DSPs) for power considerations in a study where confounding, as we have highlighted for modifier gene studies, was not an issue.
Association analysis
For the single SNP and CNV analyses, we used PLINK (Purcell et al. 2007 ) and analyzed all the SNPs for association using the Cochrane-Armitage trend and 2df genotypic tests; we analyzed some SNPs under recessive or dominant models when warranted. We also evaluated HWE in the cases and controls separately, and for those SNPs out of HWE in the cases, we tested for association under a recessive model. We used the method of Wang and Shete (2008) to combine evidence for association from the recessive model and HWE analysis. In the replication sample from JHU, we used FBAT Version 1.7.3 (Laird et al. 2000) , assuming a genotypic 2df model and an offset = 0 to be consistent with the case-control analysis in the Canadian sample.
Multi-SNP analysis
We used multivariate logistic regression to determine whether multiple associated SNPs in a region were pointing to a single causal variant or were representing multiple independent mutations (Clayton et al. 2004 ). Multivariate logistic regression was also used for interaction analysis. We used Phase 2.1.1 (Stephens and Donnelly 2003; Hum Genet (2009) 126:763-778 767 Stephens et al. 2001) to construct haplotypes in regions where frequencies differed between cases and controls. Haploview (Barrett et al. 2005 ) was used to determine the pair-wise LD in the region, in our sample of controls. Descriptive statistics were calculated using the R statistical package. Regression analysis was performed to evaluate the relationship between MI and lung function on a population-based sample of CF patients collected across Canada (Li et al. 2009 ), which included 285 PI MI cases and 1,225 PI MI controls. Lung function was measured as a derivative of FEV1 percent-predicted adjusted for mortality with age (Taylor et al. 2009 ).
Results
Results from linkage and association analyses for the MI and no-MI phenotypes are summarized in Fig. 1 , and the details are provided in the following sections.
Parametric linkage analysis of MI and no-MI
In the MI scan, we included 71 nuclear families ascertained to have two CF children, 17 families were concordant for MI and 54 were discordant. In the no-MI scan, the data consisted of 226 informative nuclear families, among which 176 were concordant for no-MI, and 50 were discordant. Four of the discordant families included in the MI analysis had CFTR mutations that may be associated with pancreatic sufficiency, and thus were not eligible to be included in the no-MI analysis.
The two-point parametric linkage analysis identified two loci with LOD scores over 2.0 for the MI phenotype. For the no-MI phenotype, five markers provided linkage evidence with LOD scores greater than 2. These markers together with their LOD scores, cM positions, and flanking marker information are presented in Table 3 for both phenotypes. We followed-up these regions with multipoint analysis, calculating multipoint heterogeneity LOD scores (HLOD). The largest multipoint HLOD for MI occurred at D12S1656 (5.21 cM) with an HLOD = 2.935 (Fig. 2) under a dominant model, despite the limited linkage information available in the 71 nuclear families. There was no evidence of heterogeneity at D12S1656 (â ¼ 1); 54 of the 71 families (76%) contributed positive LOD scores to the overall linkage signal. In multipoint analysis for no-MI, we observed an HLOD of 3.19 at D4S2389 (cM position = 84.72) under a recessive mode of inheritance; however, there was a great deal of heterogeneity (â ¼ 0:26) (Fig. 3) ; 115 of the 226 (51%) families contributed positive linkage evidence to the overall linkage signal. 78% of all the discordant families contributed positively to this locus, while only 43% of the concordant families contributed positively, possibly pointing to a source of the heterogeneity. D4S2389 is in the GC locus; the GC protein is a reported nutritional biomarker in CF (Speeckaert et al. 2008 ). The two-point parametric LOD scores we obtained at 4q35.1, 8p23.1, and 11q25, the loci reported by Blackman et al. (2006) for the MI phenotype, were 0.07, 0.16, and 0, respectively. At 20p11.22 and 21q22.3, the loci reported by Blackman et al. (2006) for the no-MI phenotype, we observed parametric LODs of 0.02 and 0, respectively. For a modifier linkage study of MI, every MI subject has CF and all CF subjects have lung disease, with quantitative measures of lung disease known to be correlated in CF siblings (Vanscoy et al. 2007 ). Standard NPL analysis uses affected individuals only. Thus, if NPL analysis of MI demonstrates linkage, is the marker linked to MI, to CF, to the pulmonary phenotype or another CF phenotype that is correlated between siblings? If MI and lung disease are uncorrelated, this confounding can be eliminated or greatly reduced by including subjects unaffected with MI. This is because lung disease is correlated between CF siblings, thus reduced IBD sharing by CF siblings discordant for MI would provide evidence in favor of linkage to MI, but against linkage to lung disease.
In a large Canadian population-based sample of 1,510 PI CF patients (see ''Materials and methods''), there is no evidence that lung function and MI are correlated in all PI patients (p = 0.44, with 285 MI and 1225 no-MI patients) or when restricted to just DF508 homozygotes (p = 0.90, with 191 MI and 731 no-MI patients). Thus, MI and lung disease are uncorrelated and the discordants can provide linkage evidence for MI.
The use of discordant pairs in linkage analysis is well documented for QTL analysis (Forrest and Feingold 2000; Guo and Elston 2000; Risch and Zhang 1995) and the same principle applies to binary traits (Forrest and Feingold 2000) . Thus, although the use of discordant relative pairs in NPL studies is not a novel idea, in this type of modifier 
Mode of inheritance (MoI) under which the LOD score was maximized is listed a Flanking marker was not genotyped; D18S554 was the last marker on chromosome 18 that was genotyped in our analysis gene study, it plays a critical role and informs the linkage method choice. In parametric analysis, unaffected individuals are always included, thus parametric analysis is generally robust to this confounding.
Contrasting parametric and NPL analysis of MI
Multipoint results from a genome-wide scan using NPL analysis, incorporating discordant siblings' information into the analysis, are shown in Fig. 4 for MI and Fig. 5 for no-MI. This analysis provides proof of principle that the addition of discordants can clarify the NPL linkage information. On chromosome 7, the closest marker to CFTR, D7S522, shows significant over-sharing in both concordant MI and discordant families (where MI and no-MI have both been labeled as ''affected''), indicative of linkage evidence for CF not MI. This is not surprising, because these discordant MI siblings are concordant for CF and are expected to have over-sharing in the CFTR region. All DSPs in the parametric analysis provide evidence against linkage at D7S522. At the MI-linked D12S1656 locus identified via the parametric linkage method, we observed over-sharing from concordant MI families, and undersharing from the discordant MI families, providing corroborating evidence that D12S1656 is a susceptibility locus for MI, not CF or lung disease (Fig. 4) . Likewise, at D4S2389 for no-MI we see evidence of under-sharing from the discordant MI families, although given the degree of heterogeneity observed from the parametric analysis, the power to detect this locus using NPL is reduced (Greenberg and Abreu 2001) . It should be noted that there are some loci in the NPL analysis which appear to provide evidence of linkage, and these loci are not corroborated by the parametric analysis, e.g., chromosome 6 at 41.08 cM for the MI phenotype. The two-point parametric LOD score at this locus is 1.85 under the recessive model. Thus, the two methods could serve as complimentary, and this locus should also be followed-up on in future work. Here, we were able to disentangle linkage evidence from NPL for MI, versus other traits correlated in CF siblings but uncorrelated with MI, by including discordant families in the analysis. A combined NPL statistic from the two sets of families can then be calculated.
Association studies of the MI linkage regions
Fine mapping of the chromosome 12p13.3 MI linkage region
Given the novelty and size of the LOD score at D12S1656 in the 71 nuclear families for MI and the high proportion of families contributing to that LOD score, we elected to perform fine-mapping studies on chromosome 12. We targeted candidate genes under the linkage peak using a case-control analysis of unrelated PI patients with and without MI (379 MI cases, 596 controls). Of the 92 SNPs genotyped, there were four markers out of HWE in cases only (p \ 0.001): rs6489326 and rs9300298 in ADIPOR2, rs7955261 in the putative promoter region of ADIPOR2 and rs1044825 in the neighboring gene, CACNA2D4, with increased linkage disequilibrium (LD) (Fig. 6) . Table 4 provides the HWE statistics calculated in the independent samples of cases and controls for the four SNPs that were out of HWE in cases. In the case-control analysis, assuming an additive model, rs1003939, which is located between WNT5B and ADIPOR2, was most significantly associated with MI in the 92 tested SNPs [p = 0.003, OR = 0.72, 95% CI (0.58, 0.89)] (Fig. 7) . However, when analyzed under a two degrees of freedom (df) genotypic model, the most significantly associated SNPs were the four SNPs out of HWE in the cases, i.e., rs1044825, rs6489326, rs9300298, and rs7955261, with p = 0.002, 0.005, 0.01, and 0.01, respectively (Fig. 7) , driven by significance under a recessive model. The estimated odds ratio from the 2df genotypic model at rs1044825 suggests that those which are homozygous for the minor allele (C) have 1.7 times (95% CI 1.23-2.35) the odds of having MI than the heterozygotes. CFTR mutation status was incorporated into the logistic regression model to assess confounding and interaction; CFTR, whether coded as number of DF508 mutations or whether a person was homozygous DF508 or not, had little effect on the observed MI association with rs1044825, rs6489326, rs9300298, or rs7955261, and there was no evidence of statistical interaction (Table 5) .
We used the Wang et al. method (Wang and Shete 2008) to combine the association evidence for ADIPOR2 at rs1044825 from the recessive model and the HWE test. This method resulted in a significant association (p = 0.0001) using both the mean-based and median-based tail-strength measures; this result remains significant at the 5% level after Bonferroni correction for the number of SNPs (N = 92) tested in the 12p13.3 region, and the number of different statistical tests conducted on rs1044825.
Neither multi-SNP analysis using logistic regression, nor haplotype analysis in PHASE provided additional location information beyond that gleaned from the single SNP analyses.
Further analysis of Hardy-Weinberg disequilibrium in the chromosome 12p13.3 region
We further analyzed the departure from HWE in the 379 unrelated MI cases using exact tests to determine whether the association was cohort-dependent. Since MI treatment practices changed significantly from 1970 to 1980, with less mortality associated with MI as a result, this could be one explanation for HWE departures in the cases. When we stratified the MI-affected subjects by whether they were born before 1980 or born after 1980, only the younger group of cases was significantly out of HWE (rs1044825, Non-parametric multipoint linkage for the no-MI phenotype in 176 no-MI concordant families and 50 no-MI discordant families at all autosomal chromosomes. Analysis with no-MI concordants is plotted as a solid line and analysis with no-MI discordants is plotted as a dashed line. At D4S2389 on chromosome 4, evidence of oversharing was observed from the no-MI concordant families, and evidence of under-sharing was observed from the no-MI discordant families interaction term (rs9300298, p = 0.004), we are able to conclude that the genotype-MI association differs by whether an individual was born before or after 1980. Specifically, with the heterozygotes as the reference group, the observed odds ratio for those which are homozygous for the minor allele is 2. 
CNV analysis in ADIPOR2
In the associated region of the ADIPOR2 gene, we identified two putative CNV variants in the TCAG-CNV database: a deletion of 315 bases (rs35417183), which is located in intron 2, and an insertion of 134 bases in the middle of intron 3. Since the deletion and insertion regions contain enhancers (supplementary Table 1 ), which may affect the expression levels of ADIPOR2, we genotyped all cases and controls for these CNVs. The 315 bp deletion Family-based association analysis of ADIPOR2 in an independent cohort
In an attempt to replicate our findings, we used the genotype data from the 100K Affymetrix array that was assayed on 29 MI families recruited by JHU. The 100K array contained two SNPs (rs9300298 and rs1044825) of the four markers that were associated under the 2df model and out of HWE in our study cases. We used FBAT to analyze the two SNPs in common. In FBAT, we assumed the presence of linkage, selected the offset value so that only MIaffected offspring contributed to the test statistics, and we then analyzed under additive and genotypic models. The association of rs9300298 in ADIPOR2 replicated for the same alleles in this independently collected cohort, using the 2df genotypic model (p = 0.02). rs1044825 was not associated with MI (p = 0.35) in this sample.
Re-sequencing of ADIPOR2 in MI discordant siblings
Sequencing of the ADIPOR2 coding exons in 24 sibling pairs discordant for MI led to identification of 15 sequence variants (supplementary Table 3 ). None of these polymorphisms identified were significantly different between MI cases and their no-MI siblings.
Association analysis of SLC4A4 in the no-MI linkage region
Multipoint linkage analysis for the no-MI phenotype provided an HLOD of 3.19 at D4S2389 (cM position = 84.72) under a recessive mode of inheritance, with evidence of heterogeneity (â ¼ 0:26). Since 78% of the no-MI discordant families contributed positively to the HLOD at D4S2389, we used FBAT to perform a multi-allelic test of association with D4S2389 in the 50 no-MI discordant families, under the additive and genotypic models. D4S2389 provided some evidence of association under the genotypic model (p = 0.046). The region of D4S2389 contained a plausible candidate gene, SLC4A4, which encodes for a bicarbonate transporter. In a previous study of lung function, 26 tagging SNPs in the SLC4A4 gene (supplementary Table 2 ) were genotyped in 601 families of varying size (e.g., sibling pairs, nuclear families, etc.).
We were thus able to analyze these data for association with our no-MI phenotype. Fifteen families were removed from analysis due to a high Mendelian error rate (due to incorrect family structure), and one SNP was excluded from the analysis for low MAF = 0.009. No SNP was out of HWE in founders. Family-based association analyses using the phenotype of no-MI indicated some association evidence in this gene when analyzed under a recessive model (p = 0.01 at rs1453458; bp = 69782442). However, in this analysis, only six families were informative for association leading us to question the applicability of the asymptotic theory of the test statistic. Because rs1453458 originally had a relatively low MAF = 0.04, rs1453458 had been genotyped in additional samples of Canadian CF patients.
Family-based association analysis was performed on this SNP in the additional sample after removing 5 families with Mendelian errors, and a significant association was again found between this SNP and the no-MI phenotype under a recessive model (p = 0.002), this time with 11 informative nuclear families.
Discussion
Here we present results of linkage analysis for the modifier trait of MI in CF patients; we present association results from loci identified via linkage for both MI and no-MI (a protective locus); and we articulate a type of confounding that is often a result of the design of modifier studies, providing details of the method we used to disentangle linkage evidence for MI. Standard implementations of NPL might not be the best analytical tool for use in modifier gene studies due to the study design. From NPL results, it is difficult to disentangle whether a locus is linked to the modifying trait, the original disease (e.g., CF), or other phenotypic outcomes that correlate in affected sibling pairs. Through this MI example, we are able to illustrate the importance of carefully considering the choice of analytical tools in modifier gene studies.
Others have also recognized the difficulty imposed by not including unaffected individuals in the analysis for linkage to modifier genes (Daw et al. 2008; Houlston and Tomlinson 1998; Rogus et al. 2008 ). Our approach incorporating DSPs into our NPL analysis did, indeed, provide a way to use NPL for our modifier study. However, DSPs are always included in parametric linkage analysis, and parametric analysis can also explicitly account for locus heterogeneity (Ott 1999) .
Using parametric linkage, we were able to identify a locus for MI on chromosome 12p13.3 and a protective locus on chromosome 4q13.3. The 12p13.3 locus was corroborated using the NPL approach including discordants. There was also evidence in the NPL approach corroborating the 4q13.3 locus; however, in the presence of heterogeneity, NPL has reduced power (Greenberg and Abreu 2001) . Moreover, through fine mapping in a larger cohort of PI patients, we were able to find some evidence of association to ADIPOR2 and SLC4A4.
Fine-mapping results in the region of SLC4A4 require further scrutiny. The association in ADIPOR2 was replicated in an independently collected cohort from the US CF Twin and Sibling Study, providing further evidence that ADIPOR2 plays a role in MI susceptibility.
Interestingly, the ADIPOR2 association with MI differed by birth cohort. Out of the four associated SNPs in patients born after 1980, two were in strong deviation from HWE even after Bonferroni adjustment for the number of SNPs tested, and the other two were close to the threshold. There was a significant excess of minor allele homozygotes (Table 4) whose OR for developing MI differed from those born before 1980. The deviation from HWE in the MI cases is unlikely to be explained by a lower survival of CF newborns with MI born prior to 1980. This is because in such a case one would expect that the deviation from HWE would be evident in the early birth cohort (prior to 1980), rather than the observed deviation in patients born after 1980. An alternative hypothesis is based on an unexpected side effect of prenatal genetic testing implemented after the discovery of the CFTR gene. This prenatal genetic testing could have led to preferential abortion of fetuses homozygous for the deltaF508 mutation, thus reducing the risk of developing MI at birth, and resulting in HWE deviations.
The ADIPOR2 gene encodes one of two adiponectin receptors. Adiponectin is involved in a broad range of metabolic processes including lipid and glucose metabolism (Kadowaki and Yamauchi 2005; Oh et al. 2007 ) while playing an anti-inflammatory role (Ouchi and Walsh 2007) . Due to the broad expression of ADIPOR2 in various tissues and the presence of adiponectin circulating in blood, it is not clear how the adiponectin signaling pathway may affect MI. One possibility is that the disruption of adiponectin's anti-inflammatory activity could contribute to an increased risk of MI (Ouchi and Walsh 2007) .
In an attempt to identify potential variants that might explain the association between ADIPOR2 and MI, we resequenced the exonic and flanking regions of the gene in the discordant MI sibling pairs. While several changes were identified in the coding and non-coding regions, none of these could be deemed as functional or were associated with MI. Thus, we conclude that unidentified intronic or promoter variants may affect levels of ADIPOR2 protein. Future work will focus on genetic and expression analyses of ADIPOR2 in relevant tissues.
The linkage analysis for no-MI detected a broad linkage region on chromosome 4q13. The largest HLOD was observed at D4S2389, located in intron 1 of the GC gene. GC encodes for the vitamin D-binding protein (DBP/GC). The GC protein is a major carrier of vitamin D and its metabolites in plasma (Speeckaert et al. 2008) . It has been recently demonstrated that GC/DBP concentration in the serum of CF patients is significantly decreased (Speeckaert et al. 2008) , which may explain severe vitamin D deficiency observed in CF patients due to its reduced absorption in the gut (Rovner et al. 2007 ). Another likely candidate gene in this region, SLC4A4/NBC1, encodes a sodium bicarbonate co-transporter that regulates bicarbonate secretion in multiple organs, including pancreatic duct cells and intestine (Soleimani and Burnham 2001) . Levels of expression and rate of endocytosis for a number of transporters, including SLC4A4, depend on the levels of the CFTR protein (Lee et al. 2001; Soleimani 2001) . It has been recently proposed that defective bicarbonate secretion mucins are less soluble and have a tendency to aggregate in organs affected by CF (Quinton 2008) . Hence, a gain-offunction mutation or higher expression levels of SLC4A4 could ameliorate bicarbonate secretion, thus having a protective effect on MI.
FBAT suggested that the minor allele of rs1453458 in SLC4A4 is significantly overrepresented in CF families whose proband does not have MI. Intriguingly, the loss of function alleles in SLC4A4 are associated with renal acidosis (Romero 2005) and no gain-of-function alleles in the general population have been identified to date. Future functional studies will determine whether the minor allele of rs1453458 is associated with increased protein expression. In addition, the whole GC locus should be fine mapped to determine the presence of another gain-offunction allele.
The loci identified in the present study have not been previously reported in human studies. However, the chromosome 4 locus is an orthologous locus to the mouse Cfm2. The Cfm2 region on chromosome 5 was mapped using congenic mice to map loci for severe intestinal obstruction in CFTR KO mice in the 129/B6 intercross (L-C Tsui, personal communication). In the present study, we have been less successful replicating MI loci identified in human studies: we were unable to replicate the loci identified in Blackman et al. (2006) , or the CFM1 locus on chromosome 19q13 (Rozmahel et al. 1996; Zielenski et al. 1999) . One possible explanation for the 19q13 locus could be locus heterogeneity. For example, the original 1999 study was conducted in a cohort with a high representation of families recruited from France and Quebec. Therefore, it is possible that the 19q13 locus could harbor a modifier gene that is responsible for MI in CF families of French origin.
Genetic heterogeneity is but one limitation, complicating the localization of MI genes. Another is the MI phenotype itself, which may be recorded with variable reliability. Although MI is a dramatic presentation at birth, the details may be inconsistently documented in the medical charts of older patients (Wood et al. 2007) . For the present study, the presence of MI at birth was accepted as reported by the clinic where the patient was recruited, and thus some degree of phenotypic misclassification is expected.
